We discuss a design of short-wavelength quantum cascade laser sources based on intracavity second harmonic generation. A passive heterostructure tailored for giant optical nonlinearity is integrated on top of an active region and patterned for quasiphase matching. We demonstrate operation of Ϸ 3.6 m lattice-matched InGaAs/AlInAs/InP sources with approximately 6 W of second-harmonic output at room temperature and conversion efficiency of approximately 130 W / W 2 . Threshold current densities of devices with a nonlinear section were similar to that of the reference lasers without the nonlinear section. © 2010 American Institute of Physics. ͓doi:10.1063/1.3491219͔
We discuss a design of short-wavelength quantum cascade laser sources based on intracavity second harmonic generation. A passive heterostructure tailored for giant optical nonlinearity is integrated on top of an active region and patterned for quasiphase matching. We demonstrate operation of Ϸ 3.6 m lattice-matched InGaAs/AlInAs/InP sources with approximately 6 W of second-harmonic output at room temperature and conversion efficiency of approximately 130 W / W 2 . Threshold current densities of devices with a nonlinear section were similar to that of the reference lasers without the nonlinear section. © 2010 American Institute of Physics. ͓doi:10.1063/1.3491219͔
InGaAs/AlInAs/InP quantum cascade lasers ͑QCLs͒ have been developed into reliable high-power sources that operate continuous-wave at room temperature ͑RT͒ in the spectral range 3.8-12 m.
1 Their fabrication process is compatible with telecommunication diode laser production lines, which enables cost effective QCL manufacturing. However, the operation of these devices at shorter wavelengths suffers from intervalley scattering, even when highly strained heterostructures are used. 2 It has long been suggested that intracavity second harmonic generation ͑SHG͒ may help to extend the spectral range of QCLs to shorter wavelengths, and several design architectures have been proposed. [3] [4] [5] [6] [7] [8] However, none of these lasers operated at RT. Here we demonstrate an approach for producing shortwavelength, high-performance QCL sources based on intracavity SHG. Our method allows extending the spectral range of strain-compensated InGaAs/AlInAs/InP QCLs to wavelengths well below 3 m. We believe that our devices may provide a cost-effective solution for spectroscopic applications in the 2.5-4 m range, and may lead to broadband QCL chips with spectral output in both the 2.5-5 m spectral range ͑using SHG light͒ and the 5 -10 m spectral range ͑using fundamental light͒. As a proof-of-principle demonstration, we present pulsed RT operation of In 0.53 Ga 0.47 As/ Al 0.48 In 0.52 As devices ͑lattice-matched to InP͒ with SHG output at = 3.6 m. Our devices produced over 6 W of SHG output at RT, and 50 W of SHG output at 80 K. The RT SHG conversion efficiency was measured to be approximately 0.13 mW/ W 2 . While the conversion efficiency in our proof-of-principle devices is modest, our calculations show that it is expected to improve by over two orders of magnitude in fully optimized structures. The details of our device design are shown in Fig. 1͑a͒ . A nonlinear layer ͑NL͒ tailored to have resonant optical nonlinearity for SHG, associated with intersubband transitions, is grown on top of a QCL active region. The NL contains 24 repetitions of the multiquantum-well structure shown in Fig. 1͑b͒ . The active region is 1.6 m thick and contains 30 stages of a two-phonon resonance structure 9 designed for emission around = 7.2 m. Devices were grown by molecular beam epitaxy on an InP substrate, n-doped to 1 ϫ 10 17 cm −3 . The NL is passive and increases optical losses in the laser cavity. However, the losses can be reduced to manageable values if we remove most of the NL to leave only a small section near the output facet. We chose to use 200-400 m long nonlinear sections to produce no more than 35% increase in the total round trip loss in 3 mm long lasers compared to devices without optical nonlinearity, as discussed below. The section is further patterned into a 50% duty-cycle grating for quasiphase matching ͑QPM͒ ͑Ref. 6͒ of SHG between TM 00 waveguide modes, as seen in Fig.  1͑a͒ . The upper waveguide cladding ͑3.5 m of InP doped to 5 ϫ 10 16 cm −3 , followed by 0.5 m of InP doped to 3 ϫ 10 18 cm −3 in our devices͒ is then overgrown by metal organic vapor phase epitaxy. We note that these processing steps are similar to those used for fabricating distributed feedback QCLs. 10 The separation of an active region and a NL allows us to optimize the two elements independently. Our devices were processed into 10 m wide ridge lasers using reactive ion etching.
The optical intensity losses ͑␣ NL ͒ and SHG nonlinearity ͓ ͑2͒ ͔ for TM-polarized light in the NL can be calculated using well-known expressions for intersubband absorption and optical nonlinearity. 11 Using the transition dipole moments shown in Fig. 1͑b͒ , the doping level in the NL, and assuming a typical transition linewidth of 20 meV full width at half maximum, we obtain ␣ NL ͑͒Ϸ630 cm −1 and ␣ NL ͑2͒Ϸ230 cm −1 for fundamental ͑ = 7.2 m͒ and SHG ͑ = 3.6 m͒ light, respectively, and ͑2͒ = 2.2 ϫ 10 4 pm/ V. The calculated mode profiles for TM 00 modes at fundamental and SHG frequencies in the laser waveguide with nonlinear QPM grating are shown in Fig. 1͑c͒ . The loss for the TM 00 mode in the waveguide with the nonlinear grating, ␣ TM00GR is calculated to be ␣ TM00GR ͑͒ =40 cm −1 and ␣ TM00GR ͑2͒ =13 cm −1 for fundamental and SHG frequencies, respectively. TM 00 modal loss at = 7.2 m in the laser waveguide without nonlinearity, ␣ TM00LAS ͑͒, is calculated to be 9.6 cm −1 . The total round-trip distributed loss ͑␣ tot ͒ for a TM 00 laser mode at = 7.2 m is then given as
where ␣ m is the mirror loss, L GR is the length of the nonlinear grating section, and L LAS is the length of the laser section without optical nonlinearity. For a TM 00 mode in a 3 mm long device with 400 m nonlinear section and a high reflectivity ͑HR͒ coating on a back facet we obtain ␣ m =2 cm −1 and ␣ tot ͑͒ = 15.7 cm −1 . In comparison, the same calculation gives ␣ tot ͑͒ = 11.6 cm −1 for a device of the same length without any nonlinearity. Thus, the addition of the nonlinear section is only expected to increase the total loss in our devices by ϳ35%.
The SHG power output is given as 3, 12, 13 
͑2͒
where W͑͒ is the pump power at the entrance of the nonlinear section, W͑2͒ is the SHG power at the end of the nonlinear section, n͑͒ is the refractive index at frequency , ͉ ͑2͒ / ͉ is the effective nonlinearity for the QPM process, 13 and S eff is the effective area of the beam's overlap with the nonlinear region. 3, 12 Using the data displayed in Fig.  1͑c͒ we estimate S eff to be approximately 5 ϫ 10 3 m 2 in our devices. The parameter l eff is the effective nonlinear interaction length, which includes the effect of optical absorption of both fundamental and SHG waves, and is given as follows:
where ␣ and ␣ 2 are the net modal intensity losses for the fundamental and SHG waves in the section of the device with the nonlinear grating, and L GR is the length of the nonlinear section. Equation ͑3͒ assumes a perfect first-order QPM ͑Ref. 13͒ of the SHG process. We can estimate l eff by taking ␣ = ␣ TM00GR ͑͒ −g TM00 ͑͒ =22 cm −1 , where g TM00 ͑͒ = ␣ tot ͑͒ = 17.7 cm −1 ͓cf. Equation ͑1͔͒ is the modal gain, and ␣ 2 = ␣ TM00GR ͑2͒ =13 cm −1 . We then obtain l eff Ϸ 230 m for a nonlinear grating length L GR = 400 m and the SHG internal conversion efficiency int ϵ W͑2͒ / ͓W͔͑͒ 2 = 2.3 mW/ W 2 for 3 mm long devices with 400 m long nonlinear sections. We may also define the "external conversion efficiency" ͑ ext ͒ for the same device that links SHG power output through the front facet with fundamental power output through the front facet:
where T Ϸ T 2 Ϸ 0.7 is power transmission through the front facet for fundamental and SHG light. The phase mismatch ͑⌬k=2k −k 2 , where k and k 2 are the propagation constants for fundamental and SHG modes͒ between TM 00 modes was calculated to be 2100 cm −1 . The QPM grating period is then ⌳ =2 / ⌬k Ϸ 30 m. 13 Experimentally, devices were operated with 50 ns current pulses at a 50 kHz repetition rate. We tested devices with QPM grating period in the range 24-37 m. Devices with 31 m grating period displayed the highest SHG conversion efficiency as shown in Fig. 2͑a͒ , which is in close agreement with our theoretical estimates. The SHG powercurrent ͑L-I͒ dependence for the device with highest SHG power output at RT is shown in Fig. 2͑b͒ . The laser was 3 mm long, had a HR coating on the back facet, and was processed with a 400 m long nonlinear grating section ͑the longest available in our processing run͒ near the front facet. Also shown in Fig. 2͑b͒ is the SHG L-I characteristics of the same device at 80 K. Power measurements were performed with a calibrated InSb detector using optical filters to reject fundamental light. The data was corrected for an approximately 40% collection efficiency of our optical setup and the filters transmission. The L-I curves for the fundamental light output of a nearly identical device at 80 K and RT are presented in Fig. 2͑c͒ ; the data was also corrected for the col-lection. Also shown in Fig. 2͑c͒ are the current-voltage ͑I-V͒ characteristic of the same device at RT and the L-I curves at 80 K and RT for a 2 mm long reference laser without a NL and HR coating. The total round-trip loss ␣ tot for the reference laser is estimated to be 15.6 cm −1 while ␣ tot for a nonlinear laser in Fig. 2͑c͒ is estimated to be 15.7 cm −1 ͓cf. Eq. ͑1͔͒. Experimentally, from Fig. 2͑c͒ , threshold current density for the reference laser was ϳ20% higher at 80 K and ϳ12% higher at RT. This indicates that the nonlinear section losses are smaller than calculated and are likely to contribute only 2 cm −1 to ␣ tot at RT and less than 1 cm −1 at 80 K, rather than 4 cm −1 estimated theoretically. This may be because the nonlinear section has lower-than-nominal doping density or is not in exact resonance with the fundamental frequency, especially at 80 K ͑see a discussion below͒. RT emission spectra for fundamental and SHG light of our devices are shown in Fig. 2͑d͒ . The spectra were taken using a Fourier-transform infrared spectrometer in rapid-scan mode. SHG spectra were obtained using InSb detector with optical filters to reject fundamental light. No detectable SHG power output was observed from devices without the nonlinear section.
From the data in Figs. 2͑b͒ and 2͑c͒ , we estimate the external conversion efficiency of our device at peak SHG power output to be approximately 0.13 mW/ W 2 at RT and approximately 0.04 mW/ W 2 at 80 K. These values are more than two orders of magnitude smaller than the 19 mW/ W 2 estimated theoretically ͓see Eq. ͑4͔͒. This discrepancy is likely a combination of several factors: part of the fundamental laser output occurs in higher-order lateral modes that are not quasiphase matched with SHG modes, doping in the nonlinear section may be lower than nominal, the linewidth of optical transitions in the nonlinear section ͑especially of transitions from/to level 3͒ may be larger than that assumed for our estimates, and the optical transitions in the nonlinear section may not be fully resonant fundamental and SHG frequencies. We note that if the actual energy position of level 3 is 30 meV below the calculated value, the optical nonlinearity is reduced by a factor of 3.5 and the conversion efficiency is reduced by a factor of 12. Frequency detuning may also explain lower values of SHG conversion efficiency measured at 80 K as our devices operated at wavelength ϳ7.1 m at 80 K compared to ϳ7.3 m at RT. This explanation is further supported by threshold current density data for nonlinear and reference devices ͑see a discussion above͒. Understanding these effects and improving SHG power output in these devices will be a subject of our future work. ext for each laser with error bars indicating the range in which ext varies with current. ͑b͒ SHG peak power output at 80 K ͑solid line͒ and 298 K ͑dashed line͒ as a function of current density for the best-performing device with 400 m long nonlinear grating with 31 m period. ͑c͒ Current density-voltage characteristic at 298 K and fundamental power-current density dependence at 298 K ͑solid line, high threshold current density͒ and 80 K ͑solid line, low threshold current density͒ of a device nearly identical to that in ͑b͒ and a 2 mm long reference device without the nonlinear section and with uncoated facets ͑dashed lines͒. ͑d͒ RT emission spectra of the device in ͑b͒ at the peak SHG power output.
